Abstract. In two nearctic ants, Leptothorax canadensis and Leptothorax sp. A, young queens may either found their own nest solitarily after mating or seek adoption into an established colony. Whether a queen disperses or not is associated with genetically determined queen morphology in Leptothorax sp. A. Whereas a majority of winged queens attempt solitary colony founding after mating, most wingless, intermorphic queens return to their maternal nests and new colonies are founded by budding after hibernation. The latter strategy appears to be correlated with patchy, isolated habitats, whereas in extended boreal forests dispersal on the wing is probably more common. Alternative dispersal strategies strongly affect the average number of queens per colony and seasonal fluctuations of colony structure.
1990
; Peeters 1991) , and in some of these species, wingless sexuals have evolved.
Wing reduction in female sexuals is generally thought to be correlated with a shift of colony founding strategies from independent founding to colony fission or budding (Bolton 1986; Villet 1989; Tinaut and Heinze 1992; Buschinger and Heinze 1992; Heinze et al. 1992a ; but see Villet 1991) . However, empirical data on the ecological and sociobiological significance of wing reduction in ant queens are sparse and hypotheses are based on limited, casual observations (e.g., Briese 1983) . Two sympatric species of Leptothorax (s.str.) in North America provide an ideal system to study the effects of wing reduction in ant queens on population and colony parameters, as well as the role of ecology in selecting for winglessness.
Queens of Leptothorax cf. canadensis are uniformly winged when eclosing, but in Leptothorax sp. A winged (gynomorphic) and wingless (intermorphic) queens cooccur (Heinze and Buschinger 1987) . According to the results of cross-breeding studies, queen morph is genetically mediated, probably by a diallelic locus (or a group of closely linked loci): a dominant allele impairs the development of wings, ocelli and thoracic sclerites in female sexual larvae (Heinze and Buschinger 1989) . Preliminary field observations indicated a correlation between queen morphology and type of habitat in Leptothorax sp. A (Heinze and Buschinger 1988a; Heinze 1989a) .
The aim of this paper is to compare the life histories of Leptothorax canadensis and Leptothorax sp. A and to demonstrate how queen morphology, dispersal strategy, habitat structure, and colony organization are interrelated.
Material and methods
The two species studied, Leptothorax (s.str.) sp. A and L. (s.str.) cf. canadensis (also referred to as Leptothorax sp. B, Heinze 1989b), belong to a cluster of morphologically very similar species in North America, most of which have not yet been formally described. Some taxa, including the two species of this study, were recently characterized by karyotype and allozyme patterns (Heinze and Buschinger 1988b; Heinze 1989b; Loiselle et al. 1990) . A description of Leptothorax sp. A is being prepared by Andr6 Francoeur (Universit6 de Quebec ~t Chicoutimi).
Complete Leptothorax colonies were collected at various sites in New England and eastern Canada and immediately censused after return to the laboratory. Due to early snow and wildfires not all seasonal collections could be made in the same populations. Colonies were kept in the laboratory according to techniques developed by Buschinger (1974) . Dissections were carried out as described by Buschinger and Alloway (1978) .
The distribution of nests was mapped at two sites in Tadoussac and in one site each in Rouyn-Noranda and at Lac Arthabaska. Nest distances were measured with a tape-measure, using trees as reference points, but only roughly estimated at Lac Arthabaska. Not all dense spruce or alder thickets were thoroughly searched for ant nests, hence it is likely that at least some L. canadensis colonies were missed.
The significance of differences between frequency distributions of demographic data was tested using the Kolmogorov-Smirnov two-sample test (KS-test) and the Mann-Whitney U-test (Sokal and Rohlf 1981; Sachs 1992) .
The complex division of reproduction in some leptothoracine ants calls for a strict definition of terms. Both a purely functional and morphological definition of the term "queen" require specifying adjectives for the various types of potential or actual reproductives. I here use "queens" for all female reproductives, which are inseminated, and "virgin queens" for uninseminated females with spermatheca, regardless of external morphology. Peeters (1991) suggested referring to wingless female reproductives of leptothoracines as "reproductive intercastes", defining intercastes as "hybrid phenotypes" with the uncoordinated expression of queen and worker characteristics. Though wingless female reproductives of Leptothorax sp. A may vary considerably in their external morphology, they are clearly distinct from typical workers (e.g., in the possession of a fully developed ovary with six ovarioles and a spermatheca, and the presence of a promesonotal suture, Heinze and Buschinger 1987) . They are reared predictably and regularly in some colonies, but never in others. As in Harpagoxenus sublaevis (e.g., Buschinger 1978) , single-pair crosses suggest genetic mechanisms which affect larval development in a well-ordered way. I therefore use the term "intermorphic" to describe the morphology of wingless queens of Leptothorax sp. A. Queens with a fully developed thoracic skeleton are called "gynomorphic" (see also Buschinger and Winter 1976; Francoeur et al. 1985; Loiselle and Francoeur 1988) .
Results

Nest site and habitat preferences
Leptothorax sp. A and L. canadensis are common ants throughout boreal biomes in northeastern North America and may locally reach densities of four nests and more per square meter. Leptothorax sp. A is more limited in the type of nest sites used than L. canadensis. In Qu6bec, its nests were found in rotting pine branches and occasionally under stones in partly shaded areas, such as light patches in boreal coniferous forests (e.g., Lac Arthabaska in Grands Jardins Park, St. Sim6on) or on sparsely overgrown rocky hillocks (e.g., Tadoussac, Matagami). L. canadensis, on the other hand, occurred both in areas exposed to the sun and in shaded areas in coniferous forests, and was occasionally collected in spruce bogs, dense spruce forests, and deciduous forests with maples, oaks, and white pines (e.g. near Milton, Ontario 
Intermorphic queens in the field
All female reproductives (appr. 700) of L. eanadensis examined were gynomorphic, i.e., in this species not a The occurrence of gynomorphic queens appears to be associated with homogenous habitats (two-tailed U-test, U=0, Uo.os~3, 5~=0; P=0.05). It is unclear why all of the colonies collected in La Bale (1985b) had gynomorphic queens. Probably the habitat, a rocky outcrop surrounded by dense forest, was only recently colonized a Lac Arthabaska and Mt. du Lac des Cygnes single intermorphic queen was found. In contrast, intermorphic queens occurred regularly throughout most studied populations of Leptothorax sp. A. The frequency of intermorphic queens differed from site to site but was rather constant within populations over time (Table 1) . Intermorphic queens were more common in isolated habitat patches, such as the rocky peninsula Pointe de l'Islet in Tadoussac, while gynomorphic queens predominated in extended, uniform habitats, such as light pine forests (St. Sim6on, Lac Arthabaska), shrub forests (Mt. Monadnock), or mountain tundra (Mt. du Lac des Cygnes). Nest density was higher in Tadoussac than in St. Sim6on or near Lac Arthabaska. However, in the latter two habitats nests appeared to be more homogeneously scattered over large areas, with nest clusters mainly along man-made clearings and forest roads (Fig. 1) .
Colony demography." queen numbers
Colonies of both species may contain multiple inseminated queens. In L. canadensis, approximately 3040 % of all colonies were polygynous, i.e, had several inseminated, egg-laying queens. The frequency of polygynous nests appeared to be independent of population and season ( Table 2 ).
The frequency of multiple-queen colonies of Leptothorax sp. A, however, varied strongly between populations and seasons. In populations with a large proportion ofintermorphic queens (e.g., Tadoussac), 33 % of all nests (81 of 241) had several inseminated intermorphs, but in populations with predominantly gynomorphic queens (Rouyn-Noranda, Lac Arthabaska, Mt. Monadnock), multiple inseminated gynomorphs were only present in 11% of colonies (17 of 157) (difference of frequency distributions was tested with the KS-test, P<0.001). Mixed colonies, i.e., nests with inseminated gynomorphs and intermorphs, were surprisingly rare (Table 3) . Colonies with several inseminated intermorphs were more frequent in winter samples than in summer (KStest, P < 0.001), but the frequency of colonies with multiple inseminated gynomorphs did not vary with the season (KS-test, P>0.05; Table 3 ).
In the majority of nests ofLeptothorax sp. A, only one queen was reproductive. Additional queens, though inseminated, did not lay eggs (functional monogyny). Occasionally, truly polygynous nests of Leptothorax sp. A were found. In 8 colonies of a total of 85 (9%), in which all queens were dissected, two egg-laying queens were present. Polygyny appeared more common in areas with a high percentage of gynomorphic queens (5 of 12 dissected colonies from Lac Arthabaska and St. Sim6on, 42%) than in areas with predominantly intermorphic queens (2 of 65 dissected colonies from Tadoussac, 3%).
Colony demography: worker numbers
The average number of workers in colonies of Leptothorax sp. A varied seasonally (Fig. 2, Table 4 ): in the Tadoussac population, summer colonies with intermorphic queens were distinctly smaller than winter nests, and similarly, colonies with gynomorphic queens from St. Sim4on were smaller in summer. Summer colonies with gynomorphic queens from Tadoussac were smaller than winter nests, but the difference was not statistically significant. Worker numbers appeared slightly higher also in winter nests of L. canadensis, but there were not enough data to substantiate fluctuations of colony structure.
Matin9 behavior
Sexuals of Leptothorax sp. A and L. canadensis eclose in
July and mate probably in August (mating was not observed in the field, but see Francoeur 1986; Eidmann 1933) . Female sexuals of both species show sexual calling A, on the other hand, started sexual calling in the immediate neighborhood of their maternal nest, whereas others moved about for more than half an hour before finally assuming the calling posture. Some climbed up sticks and then "jumped down", resembling the "take off" of winged queens.
Dispersal and colony founding
Directly after mating, 41 intermorphic queens (from six colonies) and 43 gynomorphic queens (from eight colonies) of Leptothorax sp. A were put into arenas (about 25 x 25 cm 2) containing their maternal nests and additional empty nest sites. All intermorphs returned to their maternal nests within a few hours and remained there at least till the end of hibernation, though some temporarily left the nest. Aggressive interactions between adopted intermorphic queens and workers or the resident queen were not observed, neither did intermorphic queens start to develop their ovaries before hibernation. In contrast, 13 of 43 young gynomorphic queens hibernated solitarily without returning to the nest. Of 27 additional gynomorphs (from three colonies) which were carefully placed in their maternal colonies after mating, 16 were attacked and finally killed by workers before hibernation. Dissection of t 3 killed gynomorphic queens showed that their ovarioles were elongated and contained developed oocytes.
Five virgin queens of L. canadensis (from two colonies) which mated in the laboratory were readily accepted by their maternal colonies when put back into the nest entrance.
In the field, solitary founding queens of both species were rare. Only 5 of a total of 650 colonies of Leptothorax sp. A and 5 of 300 colonies of L. canadensis consisted of a single queen (in the case of Leptothorax sp. A, two gynomorphs and three intermorphs). It must be noted, however, that very small colonies are difficult to locate in the nesting material and are likely to be overlooked.
Queen antagonism and budding
As shown in detail elsewhere (Heinze and Smith 1990) , intermorphic queens in colonies of Leptothorax sp. A engaged in aggressive interactions directly after hibernation, which resulted in the formation of hierarchies. In each colony, only the top-ranking queen began to lay eggs. Subordinate queens either remained in the nest without reproducing, emigrated, or were expelled by workers. In ten laboratory colonies, one or more queens left the nest without any preceding overt aggression. No aggressive interactions among nestmate queens were observed in two colonies of Leptothorax canadensis during 15 h observation. However, as in Leptothorax sp. A, some queens spontaneously emigrated from nests of L. canadensis in early spring.
When additional nest sites were provided, six colonies of Leptothorax sp. A with multiple inseminated queens split into two or more fragments, i.e, some queens, workers, and brood emigrated from the main colony and settled in the new nests. In four cases, no queen became fertile in addition to the original queen and the buds fused again during summer. In two colonies, however, the two fragments each had a fully reproductive queen approximately 6 weeks after fragmentation and did not reunite. The finding of very small colonies, consisting of a queen not yet reproducing and two to five workers in early summer suggests that budding occurs in the field. In a number of preliminary experiments it was tested whether colony buds can possibly fuse again, as was observed in seasonally polydomous species of Leptothorax (Myrafant) (e.g., Alloway et al. 1982; Herbers 1986a Herbers , 1986b . However, workers from two colony buds that were reintroduced into their colonies of origin about 3 months after fragmentation were attacked by their former nestmates with mandible threats, biting, and violent antennation. Similarly, when the dominant queens were removed from three colonies and returned to them only after replacement queens had started to lay eggs, they were heavily attacked and finally killed by the workers. According to dissection results, winter colonies contained only one queen which had laid eggs (see above), suggesting also that colony buds do not merge.
Discussion
Queens of the two nearctic ant species Leptothorax canadensis and Leptothorax sp. A may either establish colonies independently after mating or seek adoption into a mature nest and found their own colonies by emigration or budding in spring. Dispersal strategies are strongly influenced by genetically mediated queen morphology in Leptothorax sp. A (Heinze and Buschinger 1989) : winged virgin queens predominantly disperse, whereas the majority of wingless intermorphs mate near the maternal nest and return to it for hibernation.
The co-occurrence of alternative dispersal and colony founding strategies within a species is not uncommon among ants (e.g., Rosengren and Pamilo 1983; H611do-bler and Carlin 1985; Sundstr6m 1990) . Solitary colony founding in ants is typically characterized by high mortality and high colony failure rates. Dependent strategies -queen adoption and subsequent budding -are safer but prevent long-range dispersal and thus increase competition for nest sites in the neighborhood of the maternal nest or for reproductive rights within the colony (Rosengren and Pamilo 1983) .
In most cases dispersing and remaining queens are morphologically indistinguishable and it is unknown how common the different behaviors are in the field. The correlation between genetically mediated morphology and mating and founding behaviors of Leptothorax sp.
A queens allows us to estimate the frequency of the two strategies. Though random founder-effects, the occurrence of competitors for nest sites (e.g., Herbers 1989), depth and duration of snow cover, and other factors may also be important, morph frequency in populations of Leptothorax sp. A appears to be predominantly determined by the density of available nest sites and the size of habitat patches. Leptothorax sp. A is a habitat specialist, which nests predominantly in areas with intermediate insolation. Large, light patches are common around bare, rocky outcrops, where they may cover several square meters and can carry dozens of colonies. The density of potential nest sites is high on these patches and short-range dispersal on foot, i.e., budding, may therefore be successful. Where these rocky hummocks are wind-exposed, isolated, and surrounded by areas uninhabitable to Leptothorax sp. A, intermorphic queens are extremely abundant (appr. 80% in Tadoussac, 90% in Matagami). The low frequency of gynomorphic queens in these habitats might be caused by strong selection against flight activity (winged queens might drift off into areas unsuitable for colony founding) or by net emigration of winged queens (i.e., more winged queens leave the patch than immigrate). Both factors appear to be important causes of the predominance of wingreduced forms in isolated populations of non-social insects (e.g., Harrison 1980; Den Boer 1990) . Isolated patches, recently cleared by man or wildfire (see, e.g, Punttila et al. 1991 for the effect of forest fires on populations of boreal ants), will be colonized by winged queens ofLeptothorax sp. A, some probably carrying sperm with the genetic information for wing reduction and thus spreading winglessness from patch to patch.
In extended coniferous forests and forest tundra, sites with the right insolation are homogeneously scattered over large areas but are comparatively small. They typically cannot carry more than a few colonies and may be several meters apart, too far to be easily reached by Leptothorax ants on foot. Gynomorphic queens predominate in these areas (80-90% of all colonies collected at Lac Arthabaska, Mr. du Lac des Cygnes, and Mr. Monadnock contained gynomorphic queens): winged queens, which can search large areas, might be more successful in locating suitable nest sites.
The uniformly winged queens of the sympatric species
Leptothorax canadensis appear to be less strongly affected by habitat heterogeneity, probably because they are not limited to partly shaded areas but nest both in sunny and in darker habitats. Hence, budding is possible for them in extended forests and dispersal flights are not selected against on wind-exposed rocky outcrops. The percentage of multiple-queen colonies is indeed similar in different habitat types (Table 2) . Queen adoption in ants is mostly linked with secondary polygyny Wilson 1977, 1990; Keller 1991) . Rather than leaving the nest for budding, some queens stay and reproduce in the maternal colony. Colonies of Leptothorax canadensis which adopt young mated queens thus easily become polygynous. In Leptothorax sp. A, on the other hand, queens engage in aggressive interactions and establish dominance hierarchies, in which only the top-ranking queen reproduces (Heinze and Smith 1990) . Fighting among the queens started in early spring, when the ovaries of all queens were similarly undeveloped. Aggressive interactions were rare directly after adoption in late summer. Newly adopted intermorphic queens apparently submitted to the fertile resident queen and did not start to reproduce. In contrast, more than half of all gynomorphic queens that were experimentally reintroduced into their maternal nests began to develop oocytes and were attacked and expelled or killed by workers. Different attitudes of workers towards newly adopted queens of different genotype has also been observed in a polygynous population of the fire ant, Solenopsis invicta.
Queens carrying a certain allelic variant of the enzyme phosphoglucomutase-3 were selectively destroyed by workers (Ross 1992 
